INTRODUCTION
Over the last decades, the prevalence of food allergies has increased to 6% in children and 3% in adults. 1 As no therapies are available yet, treatment of food allergies relies primarily on allergen avoidance to prevent food-induced adverse reactions in sensitized individuals. Food allergies are the result of abnormal immunologic responses to food antigens, resulting in antigen-specific IgE-mediated reactions, with symptoms varying from mild skin itching to severe and potentially life-threatening anaphylaxis. 2 Despite extensive research, the mechanism of initiation of allergic sensitization to food antigens remains poorly understood.
In most models of food allergy, the mucosal adjuvant cholera toxin (CT) seems indispensable for provoking allergic sensitization to food proteins in mice. One of the important mechanisms related to the adjuvant effect of CT, is the disruption of the intestinal epithelial cell layer by breakdown of adherens molecules via a cAMP-driven mechanism. 3 This fits closely with the immunological concept that sensitization requires a danger signal, such as tissue damage.
It is already known that in skin and lung, disruption of the epithelial barrier could induce allergic sensitization. For instance, the proteolytic activity of house dust mite allergens disrupts the tight-junction network in lung epithelium. This leads to release of endogenous danger signals and cytokines by epithelial cells which initiate activation of dendritic cells (DC), followed by the series of events resulting in IgE synthesis by B cells. 4 Also in the skin, mild epithelial damage is accompanied by the induction of systemic IgE. In this case, the damaged skin epithelial cells upregulate stress molecules and alarmins such as IL-25, IL-33, and TSLP, which results in migration and activation of epidermal gd T cells. 5, 6 In line with the observations in skin, in vivo studies in mice by our group and others have shown migration and activation of intraepithelial lymphocytes (IEL) including gd T cells in response to CT exposure. 7, 8 These and additional results, demonstrating that blocking of the gd TCR enhances allergic manifestations, 7 are reminiscent of involvement of epithelial damage in sensitization to food proteins. In support of this, we found that epithelial damage induced by diclofenac enhances CT-induced allergic sensitization to peanut in mice. 9 Moreover, it was recently shown that the alarmin uric acid is a critical signal for the induction of peanut allergy in mice, 10 suggesting that cellular damage is indeed involved in the onset of allergic sensitization.
Based on these findings, we hypothesize that other substances that cause epithelial cell stress or damage may act as an adjuvant to potential food allergens. Hence, we investigated whether the trichothecene mycotoxin deoxynivalenol (DON), known as biologically active metabolite that impairs intestinal barrier function by direct effects on intestinal epithelial cells, 11 may act as a danger signal. DON produced by Fusarium species is among the most frequently detected contaminants in cereal-based foods, resulting in regular human exposure. 12 This paper describes the disruption of the intestinal junctional network by DON to facilitate sensitization in a murine allergy model in comparison with CT-induced allergic sensitization. In addition, the effect of DON and CT on intestinal epithelial integrity and consecutive activation of local immune cells is assessed to get more insight into molecular mechanisms of allergic sensitization.
RESULTS

The mycotoxin DON facilitated allergic sensitization
Mice exposed to DON plus whey displayed a significant increase in whey-specific IgG1, IgG2a, and IgE after 5 weeks, compared with mice exposed to DON or whey alone (Figure 1a-c) . Furthermore, whey-specific restimulation of splenocytes from DON plus whey-sensitized mice revealed a specific induction of the Th2 cytokines IL-5 and IL-13 but not of the Th1 cytokine IFN-g (Figure 1d -f). As expected, CT induced allergic sensitization based on all measured parameters. Overall, the allergen-specific responses were significantly higher in CT plus whey-sensitized mice in comparison with DON plus whey-sensitized mice.
In addition, DON plus whey-treated mice showed an acute allergic skin response upon intradermal injection with whey, as shown by a significant increase in ear thickness compared with mice exposed to DON or whey alone (Figure 1g) . In three out of eight mice, the increase in ear thickness was accompanied by mild anaphylactic shock symptoms (Figure 1h ), while one mouse showed a decrease in body temperature after intradermal challenge (data not shown). The acute allergic skin response in CT plus whey-sensitized mice was significantly enhanced compared with DON sensitization, and was accompanied by anaphylactic shock symptoms in six out of eight mice ( Figure 1h ) and a decrease in body temperature in all mice (data not shown).
Serum mast cell protease-1 (MCPT-1) levels, a measure for mucosal mast cell degranulation, were not elevated after oral allergen challenge in DON plus whey-sensitized mice in contrast to CT plus whey-sensitized mice, in which an increase was observed (Figure 1i ). In addition, MCPT-1 þ cells were increased in the proximal small intestine in CT plus whey-sensitized mice 24 h after oral whey challenge, but not in control mice or DON plus whey-sensitized mice. MCPT-1 þ cells in CT-exposed mice were mainly present in the crypts (Supplementary Figure S1 online).
Although a higher dose of DON (200 mg per mouse instead of 100 mg per mouse) caused side effects, this dose did induce an acute allergic skin reaction accompanied by shock symptoms, a decrease in body temperature, and enhanced MCPT-1 serum levels after oral sensitization (Supplementary Figure S2) .
DON altered epithelial permeability resulting in allergen translocation in vitro
As a consequence of alterations in the function and expression of tight-junction proteins, DON is able to impair transepithelial electrical resistance (TEER) of epithelial Caco-2 cell monolayers in vitro and to increase paracellular tracer transport. 11 In the present study, 1.2 mg ml À 1 (4.2 mM) DON exposure resulted in a significant decrease in TEER (Figure 2b) , which facilitated the translocation of beta-lactoglobulin, one of the major allergenic whey proteins, from the apical to the basolateral side of the Caco-2 monolayer (Figure 2a) . In contrast, beta-lactoglobulin was not translocated across the Caco-2 monolayer after exposure to 100 mg ml À 1 CT (Figure 2a) , despite the small but significant decrease in TEER (Figure 2b) .
The expression pattern of tight and adherens junction proteins claudin (CLDN)3 and E-cadherin in the Caco-2 monolayer showed a disturbed cellular distribution in DONexposed cells, with loss of the typical honey-rate structure and increased cytosolic expression. DON affected CLDN4 to a lesser extent, and the disturbed cellular distribution was not observed in CT-exposed cells (Figure 2c ). Hoechst staining of monolayers confirmed an equal distribution of Caco-2 cells independent of exposure conditions (Supplementary Figure S3) .
In vivo exposure to DON resulted in altered expression of barrier function-associated molecules in duodenum
To gain more insight into intestinal changes that might contribute to whey sensitization, gene expression of molecules related to epithelial damage was assessed 6 h after a single oral exposure to CT or DON. mRNA expression of the tight-junction molecules CLDN2 and -3 ( Figure 3a,b) was upregulated in the duodenum after DON but not after CT exposure. In addition, the mRNA expression of CLDN1 and -4, ZO1 and OCLN remained unaffected (data not shown). Furthermore, DON significantly upregulated the gene expression of E-cadherin in the duodenum, whereas CT did not significantly alter E-cadherin expression (Figure 3c ). mRNA expression of the stress-associated molecules RAE-1 ( Figure 3d ) and HMGB-1 (data not shown) was not altered by DON or CT in the duodenum, whereas in the ileum RAE-1 mRNA expression was increased by CT, but not by DON. In addition to gene expression, CLDN3 and E-cadherin protein levels were determined by western blot analysis in duodenum 6 and 24 h after a single oral exposure to DON or CT. DON reduced CLDN3 and E-cadherin protein levels in the proximal small intestine at both time points in comparison with control treatment, whereas CT only reduced these expression levels after 24 h (Figure 3e-g ). The decreased protein levels, however, were more pronounced after a DON gavage in comparison with CT.
Despite changes in CLDN3 and E-cadherin, no increase in the in vivo uptake of the major whey protein b-lactoglobulin was observed after a single oral exposure to DON or CT (Supplementary Figure S4) .
Alterations in barrier-associated molecules is accompanied by IL-33 and innate lymphoid cells type 2 induction
To investigate whether changes in CLDN3 and E-cadherin affect local immune factors, we assessed IL-33 in the intestine. DON-but not CT-exposed mice showed a statistically significant increase in IL-33 expression in the duodenum, both in gene expression and in protein level (Figure 4a,b) . This increased intestinal IL-33 in DON-exposed mice was accompanied by an increase in soluble IL-33 receptor ST2 in the intestine (Figure 4c ) and serum ( Figure 4d ) 6 h after DON exposure. However, mice exposed to DON or CT plus whey once a week for 5 consecutive weeks showed a gradual increase in soluble ST2 in serum (Figure 4e) . Remarkably, by displaying data per time point (Supplementary Figure S5) , it is clear that DON-but not CT-exposed mice already demonstrated significantly increased levels of soluble ST2 levels after the first and second sensitization.
To investigate whether the local presence of IL-33 in the intestine was associated with activation of innate lymphoid cells type 2 (ILC2), the percentage and activation status of ILC2 in lamina propria were assessed using flow cytometry. The acute allergic skin response in sensitized mice was determined by measuring ear swelling 1 h after intradermal whey challenge, and accompanying anaphylactic score was determined after 45 min. (i) Mast cell protease-1 (MCPT-1) levels in serum, collected 30 min after an oral whey challenge, were determined by ELISA. Data are presented as mean±s.e.m. * Po0.05, **Po0.01, ***Po0.001; one-way ANOVA followed by Bonferroni's multiple comparison test (after log transformation of data except for ear swelling and anaphylactic shock score).
DON and CT differently altered intestinal cell subsets
Flow-cytometric analysis of cells isolated from the whole small intestine was performed 24 h after a single oral dose of DON plus whey or CT plus whey, as changes in intestinal cell subsets likely occur at a later time point compared with transcriptional changes. Results displayed no significant changes in the number of isolated lymphocytes due to exposure (Figure 5a ). In line with our previous findings, 7 CT significantly reduced the number of gd T cells in intestinal cell compartments, as well as the relative presence of gd T cells within the IEL (Figure 5b ). In contrast, DON did not alter the number of gd T cells in the different intestinal cell compartments ( Figure 5b) .
Assessment of DC subsets showed a small increase in MHCII þ CD11c þ DC in different intestinal cell compartments after DON exposure, both in mucosal CD103
þ and in monocyte-derived CD11b þ subsets of DC ( Figure 5c ). In contrast, CT significantly enhanced the percentage of DC in mesenteric lymph nodes (MLN) with a comparable contribution of CD103 þ and CD11b þ expressing DC ( Figure 5c ). Elevated MHCII membrane expression on individual DC in the MLN after CT exposure pointed toward the presence of more mature DC in the MLN, and immune activation (Figure 5d ). However, CT exposure did not significantly enhance the expression of the activation marker CD86, associated with T-cell activation. Furthermore, OX40L expression, associated with activation of Th2 cells, was also not elevated on DC in the MLN 24 h after a single oral dose.
DISCUSSION
This study investigated whether epithelial cell stress or damage and the subsequent innate immune response contribute to allergic sensitization. Hence, we compared CT, often used as a tool to unravel the mechanisms of allergic sensitization, with DON. The mycotoxin DON is among the most frequently detected contaminant of cereal-based foods, including breakfast cereals, 12 whereas CT is not present in the human food chain. Different studies demonstrated that DON is able to impair intestinal barrier function, 11, 13 and is therefore a suitable candidate to investigate the contribution of epithelial damage on allergic sensitization.
We report that DON as well as CT facilitates allergic sensitization to whey proteins, indicated by increased serum levels of whey-specific IgE, an acute allergic skin response upon allergen challenge and by the production of IL-5 and IL-13 in whey-restimulated splenocytes. However, the mechanism by which DON supports allergic sensitization appears different from the mechanism of the more generally used mucosal adjuvant CT. Although CT reduced the TEER in Caco-2 cell monolayer, it did not disturb epithelial integrity like DON, as the distribution of tight and adherens junction molecules stayed unaltered, and no in vitro b-lactoglobulin translocation occurred. The decrease in TEER induced by CT is probably the result of changes in ion channels due to the adenylate cyclase-mediated rise in cAMP concentration in epithelial cells upon CT ligation of the ganglioside-GM1 receptor.
14 Others showed that repeated CT exposure during 40 h affected adherens junction molecules in Caco-2 cells, 3 but effects seem very mild when compared with DON-induced barrier disruption. The proximal intestines of DON-exposed mice showed remarkable reduction in CLDN3 and E-cadherin protein levels accompanied by a compensatory increase in mRNA levels, which is indicative for alterations in the integrity of the intestinal epithelial cell layer, as demonstrated before. 11 Although less pronounced, CT also reduced protein levels of CLDN3 and E-cadherin which is in line with findings by Guichard et al 3 who demonstrated disorganized junctions after CT exposure in murine intestinal loops. However, not all junctional molecules seemed affected, as no alterations were observed in gene expression of CLDN1 and -3, ZO1, and OCLN after exposure to DON or CT. We previously showed that a single oral exposure to 25 mg kg in comparison with vehicle-treated mice in the present study. Therefore, alterations in barrier-associated junctional molecules as induced by DON, and in to a lesser extent by CT, only in part results in impaired barrier integrity and translocation of allergens after a single exposure. In the course of the current food allergy study, we repeatedly exposed mice to whey plus 100 mg DON per mouse to induce allergic sensitization.
Although not assessed, it is possible that the intestinal permeability increases after cumulative DON or CT dosing. Barrier disruption facilitates translocation of allergens, which may contribute to allergic sensitization. Nevertheless, alterations in barrier-associated junctional molecules after a single dosage seem sufficient to change intestinal immune parameters that contribute to allergic sensitization. Notably, DON but not CT resulted in rapid induction of IL-33 in the duodenum, whereas both increased ILC2 cell numbers in the lamina propria. IL-33 may originate from damaged or stressed intestinal cells. 15, 16 It has become clear that IL-33 is crucial for the induction of ILC2 and DC activation leading to subsequent type 2 immune responses. 17, 18 The intestinal immune cell subsets in our study also showed an increase in activated DC, especially in MLN after CT exposure, and in lamina propria lymphocytes (LPLs) and Peyer's patches (PPs) after DON exposure. Furthermore, it has already been shown that exposure to CT resulted in increased intestinal IL-33 levels accompanied by increased ILC2 and DC numbers in the peanut allergy mouse model. 19 Unlike differences in IL-33 production by DON and CT, we found that both compounds potentiated ILC2 and DC in the intestine or MLN after one exposure, suggesting a role for these cells in the onset of allergic sensitization, which is in agreement with Chu et al. 19 However, differences in extent may be related to differences in CT exposure strategy.
Remarkably, compared with CT plus whey, DON plus whey induced the soluble IL-33 receptor ST2 very early in the onset of sensitization, whereas from day 14 these levels were more comparable. We suggest that these early differences are due to the specific damaging effect of DON on the epithelial barrier. It is thought that soluble ST2 acts as a decoy receptor, resulting in sequestration and neutralization of IL-33 activity, thereby preventing excessive immune activation. 20 Our observations therefore indicate that soluble ST2 might be a suitable Figure 3 Effect of deoxynivalenol (DON) and cholera toxin (CT) on intestinal barrier integrity molecules. Mice were orally exposed to phosphatebuffered saline (PBS) (control), DON, or CT. After 6 or 24 h, intestinal tissue was dissected and homogenized for qPCR analysis or western blotting. Relative mRNA expression (fold of control, normalized to b-actin) was determined for (a) CLDN2 (b) CLDN3, (c) E-cadherin, and (d) RAE-1 after 6 h. Relative protein levels (fold of control, normalized to b-actin) were determined for (e) CLDN3 and (f) E-cadherin after 6 and 24 h. (g) The immunoblot obtained with antibodies for E-cadherin (MW 98 kDa), CLDN3 (MW 22 kDa), and b-actin (MW 42 kDa, protein loading control). Note: membranes were cut to keep order of treatment groups similar to other panels. Data from 5-6 mice per treatment group and time point are depicted as mean ± s.e.m. *Po0.05, **Po0.01, ***Po0.001; one-way ANOVA followed by Bonferroni's multiple comparison test.
biomarker to detect allergic sensitization, and at least confirms the capacity of DON and CT to facilitate sensitization to whey proteins in mice.
Interestingly, in addition to the effect on ILC2, CT but not DON reduced gd T cells in the small intestine. We propose that, comparable to skin, gd T cells respond to stressed epithelial cells by recognizing certain receptors on these cells, including RAE-1, and migrate to lymph nodes. 5 However, the role of gd T cells in CT-driven food allergic sensitization is still not understood since a recent paper showed that gd T cells were not essential in allergic sensitization in CT-driven peanut allergy by using TCRd KO mice, 21 whereas our group previously demonstrated a regulatory role for gd T cells in allergic sensitization. 7 Based on our data, we conclude that DON-induced epithelial cell stress results in a rapid increase in intestinal IL-33, which contributes to elevated intestinal numbers of ILC2 and DC. In comparison with DON, disturbing effects of CT on intestinal epithelium are different, since elevated ILC2 numbers are present without detectable IL-33, and in addition, activation and migration of gd T cells and DC occurs. In both cases, these different cellular effects further initiate a Th2 response leading to allergic sensitization.
The exposure concentration of 100 mg per mouse (B5 mg kg À 1 BW) as used in the present study exceeded the provisional maximum tolerable daily intake of 1 mg kg À 1 BW as set by the European Commission. 22 However, several studies indicated that human exposure recurrently exceeded this safety level. [23] [24] [25] Next to that, humans are likely not exposed to DON alone but to mixtures of group B trichothecenes and other mycotoxins. Recent data revealed that mycotoxins have synergistic and additive effects on epithelial cell viability in vitro. 26, 27 Other compounds capable of inducing epithelial cell damage or stress might also be able to elicit or aggravate allergic sensitization to certain food allergens in susceptible individuals. Therefore, this study emphasizes the need to further investigate the role of epithelial damage induced by environmental substances, including food contaminants, in relation to food allergy in humans. Sweet whey protein concentrate 60 (indicated as whey) was obtained from Milei (Milei GmbH, Leutkirch, Germany). CT was purchased from List Biological Laboratories (Campbell, CA), and DON was obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands), catalog number D0156; Lot 044M4042V, purityZ98%.
Treatment protocols. Mice (n ¼ 8) were sensitized by intragastric gavage with 20 mg whey mixed with 15 mg CT or 100 mg DON in 0.5 ml phosphate-buffered saline (PBS) once a week for 5 consecutive weeks. A dosage of 100 mg per mouse (B 5 mg kg À 1 BW) is chosen, to prevent severe side effects because of repeated exposure. On day 35, mice were challenged intradermally in the ear pinnae of both ears with 10 mg of whey in 20 ml of PBS to assess the acute allergic skin response as previously described by Schouten et al. 28 The body temperature was monitored 30, 60, and 90 min after intradermal challenge using a rectal probe; and the anaphylactic shock severity was scored with the scoring table from Li et al 29 Table S1 ). Mice received an intragastric challenge with 50 mg whey in 0.5 ml PBS at day 37 and blood was collected after 30 min for measurement of MCPT-1. Mice were killed one day later.
after 45 min (Supplementary
In another set of experiments, mice (n ¼ 4) were exposed to 20 mg whey alone or to 20 mg whey mixed with 15 mg CT or 100 mg DON by intragastric gavage and killed after 24 h. For intestinal gene expression analysis, mice (n ¼ 6) were exposed to either 15 mg CT or 100 mg DON dissolved in PBS (vehicle) by intragastric gavage and killed after 6 h, comparable to Akbari et al.
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Isolation of intestinal lymphocytes. IEL and LPL were isolated as described previously. 7 In brief, the small intestine was removed from mice, and fecal contents were flushed with HBBS (Invitrogen, Carlsbad, CA). After carefully removing the PPs, the small intestine was cut into 1-cm pieces, and shaken vigorously in HBBS/EDTA. The mixture was passed through a sieve, supernatant was collected, and the remaining tissue was shaken once more. The remaining tissue was used to isolate LPL, whereas both supernatant fractions were pooled, washed once, followed by isolation of IEL using a Percoll gradient (GE Healthcare, Fisher Scientific, Landsmeer, The Netherlands). For LPL isolation, the remaining tissue was washed and digested with collagenase/DNAse (Roche, Woerden, The Netherlands/ Sigma, Zwijndrecht, The Netherlands). Cells were collected via a Figure 5 Analysis of intestinal immune cells after oral exposure to deoxynivalenol (DON) and cholera toxin (CT). Mice (n ¼ 4) were orally exposed to whey alone (control), or to whey þ DON or whey þ CT, and 24 h later, the small intestine and mesenteric lymph node (MLN) were dissected after which cells were isolated and characterized by flow cytometry. 100-mm strainer and tissue digestion was repeated. Both cell fractions were pooled and washed once. Thereafter, LPL cells were further enriched by a Percoll gradient (GE Healthcare). The collected PP were shaken in HBBS/EDTA, washed once, cut into small fragments, and digested at 37 1C with collagenase/DNAse (Roche/Sigma). Cells were passed through a 70-mm strainer to obtain single cells. Lymphocytes from the MLN and spleen were obtained by squeezing the organs through a 70-mm strainer, after which single cells were washed once. To remove the erythrocytes from the spleen, cells were incubated with erylysis buffer (containing NH 4 Cl, KHCO 3 , and Na 2 EDTA) for 1 min, and washed once in PBS. Serum immunoglobulins and MCPT-1. Levels of whey-specific immunoglobulins in serum were measured by ELISA as previously described. 30 MCPT-1 concentrations in serum samples collected 30 min after oral challenge were measured using an ELISA kit (e-Bioscience), according to the protocol of the manufacturer.
Cell culture and cytokine measurement. Spleen single-cell suspensions (4 Â 10 6 per ml) were incubated in the presence or absence of 50 mg ml À 1 whey for 96 h at 37 1C in a volume of 200 ml, after which culture supernatants were harvested and stored at À 20 1C until analysis. Levels of IFN-g, IL-5, and IL-13 in culture supernatants were determined by sandwich ELISA according to the instructions of the manufacturer (e-Bioscience).
ST2. Serum samples were collected 6 and 24 h after each intragastric treatment during sensitization, and soluble ST2 was determined using an ELISA kit (R&D Systems, Minneapolis, MN) according to the instructions of the manufacturer. Approximately 50 mg of duodenum and ileum of small intestine (without PPs) was dissected and stored at À 80 1C until further use. The tissue was suspended into 350 ml RNA lysis buffer with b-mercaptoethanol and homogenized using a TissueLyser (Qiagen, Hilden, Germany) for 1 min at 25 Hz. Total RNA was isolated using spin columns (Promega, Leiden, The Netherlands) according to the manufacturer's instructions. RNA amounts were determined spectrophotometrically, and RNA purity was measured by NanoDrop 2000 (Thermo Scientific, Waltham, MA) as A260/A280 ratio with expected values between 1.8 and 2. Subsequently, RNA was transcribed into complementary DNA using the iScript cDNA Synthesis Kit (Bio-Rad, Veenendaal, The Netherlands) according to the manufacturer's protocol. Quantitative reverse transcriptase-PCR was performed using a iCycler iQ system (Bio-Rad), and amplification was done using IQ SYBR Green Supermix (Bio-Rad) with 0.3 mM final primer concentration.
Forward and reverse primers for claudin1 (CLDN1), claudin2 (CLDN2), claudin3 (CLDN3), claudin4 (CLDN4), occludin (OCLN), zona occludens protein-1 (ZO1), E-cadherin, IL-33, high-mobility group box 1 (HMGB-1), RAE-1, and b-actin (ACTB) ( Table 1) were derived from the US National Center for Biotechnology Information (NCBI; Bethesda, MD) GenBank and were manufactured commercially (Eurogentec, Seraing, Belgium). For each sample, mRNA expression was normalized for the detected Ct value of b-actin.
Western blot analysis. Approximately 50 mg of duodenal samples (adjacent to samples for Quantitative reverse transcriptase-PCR and without PPs) was dissected and stored at À 80 1C until further use. The tissue was lysed using 500 ml RIPA lysis buffer (Thermo Scientific, Rockford, IL) with protease inhibitors (Roche Applied Science, Penzberg, Germany), and the total protein concentration was measured by the BCA protein assay kit (Thermo Scientific). Equal protein amounts of heat-denaturated non-reduced samples were separated electrophoretically (CriterionTM Gel, 4-20% Tris-HCl, Bio-Rad Laboratories, Hercules, CA) and electrotransferred onto polyvinylidene difluoride membranes (Bio-Rad). CLDN3 (1:500, Invitrogen) and E-cadherin (1:1,000, e-Bioscience) served as primary antibodies for overnight incubations at 4 1C, and horseradish peroxidase-conjugated goat anti-rabbit or goat anti-rat (1:2,000, Dako, Glostrup, Denmark) was applied as secondary antibodies for 2 h at room temperature. Finally, blots were washed in PBST, incubated with ECL Prime Western Blotting Detection Reagent (Amersham Biosciences, Roosendaal, The Netherlands), and digital images were obtained with the ChemiDoc MP imager (Bio-Rad Laboratories, Hercules, CA). Subsequently, the membranes were re-probed with a b-actin antibody (1:4,000, Cell Signaling, Danvers, MA) to assess the equality of loading. Signal intensities were quantified using the ImageJ 1.47 software (National institutes of Health, Bethesda, MD, 2013), and the protein expression was normalized to b-actin and expressed as the mean fold change in relation to the control group.
Cell culture and TEER measurement. Human epithelial colorectal adenocarcinoma (Caco-2) cells were obtained from the American Type Tissue Collection (Code HTB-37) (Manassas, VA, passages 89-102) and were cultured in Dulbecco's modified Eagle's minimum essential medium, supplemented with 25 mM Hepes, 4.5 g l À 1 glucose (Gibco, Invitrogen, Carlsbad, CA), 10% (v/v) inactivated fetal calf serum (Gibco), glutamine (2 mM, Gibco), 1% (v/v) non-essential amino acids, penicillin (100 U ml À 1 ) and streptomycin (100 mg ml À 1 , Gibco) at 37 1C in a humidified atmosphere of 95% air and 5% CO 2 . Cells were seeded at a density of 0.3 Â 10 5 cells into 0.3 cm 2 high pore density (0.4 mm) inserts with a polyethylene terephthalate membrane (BD Biosciences, San Diego, CA) placed in a 24-well plate. The transwell experiments were started after obtaining a confluent Caco-2 monolayer at days 17-19 of culturing with TEER values in the range of 400 O cm 2 measured by a Millicell-ERS Voltohmmeter (Millipore, Temecular, CA). The Caco-2 cells were incubated with 1.2 mg ml À 1 (4.2 mM) DON or 100 mg ml À 1 CT added to both compartments (apical and basolateral) of the transwell insert for 24 h, and TEER measurements were conducted. The results are expressed as a percentage of initial value. A DON concentration of 4.2 mM was chosen based on the data by Sergent et al, 31 who described that concentrations of 0.5-7 mM DON represent plausible DON concentrations in gastrointestinal tract after ingestion of moderately to highly DON-contaminated food.
b-Lactoglobulin-FITC flux in Caco-2 cell culture. b-Lactoglobulin was conjugated with amine-reactive FITC according to the manufacturer's instructions (Sigma). Unbound dyes were separated by column chromatography. The paracellular flux of FITC-labeled b-lactoglobulin was measured by adding this labeled protein at a concentration of 100 mg ml À 1 to the apical compartment (350 ml) of the transwell plate. Medium at the basolateral compartment was collected after 4 h and the amount of FITC-labeled b-lactoglobulin was determined by measuring the fluorescence intensity using a fluorometer (FLUOstar OPTIMA, BMG LABTECH, Offenburg, Germany) at excitation and emission wavelengths of 485 and 520 nm and calculated on the basis of a standard curve.
Immunofluorescence staining. Localization of CLDN3, CLDN4, E-cadherin in Caco-2 cells and MCPT-1 in proximal small intestine was assessed by immunofluorescence microscopy. Inserts with cells were fixed with 10% formalin for 10 min, washed with PBS, and permeabilized with 0.1% Triton-X-100 for 5 min. The proximal small intestine (4 mice per group) was fixed in 10% formalin and embedded in paraffin as a ''Swiss roll'' to permit a complete microscopic examination. After paraffin embedding, 5 mm sections were cut (2-3 sections per mouse). These Swiss-rolled paraffin sections were deparaffinized, endogenous peroxidase activity was blocked with 0.3% H 2 O 2 (Merck, Darmstadt, Germany) in methanol for 30 min and rehydrated in a graded ethanol series to PBS. For antigen retrieval, the slides were boiled in 10 mM citrate buffer (pH 6.0) for 10 min in a microwave and cooled down to room temperature. After blocking with 5% serum, the Caco-2 cells were incubated (2 h, room temperature) with rabbit anti-CLDN3 (1:50, Invitrogen), rabbit anti-CLDN4 (1:50, Invitrogen), and mouse anti-ECadherin (1:50, e-Biosciences), whereas the proximal small intestine was incubated (overnight) with anti-mouse MCPT-1 (1:50, e-Biosciences), both followed by incubation with Alexa-Fluor conjugated secondary antibodies (Invitrogen). A nuclear counterstaining was performed with Hoechst 33342 (1:2,000, Invitrogen). Samples were washed and mounted with FluorSave Reagent (Calbiochem, Amsterdam, The Netherlands). Immunolocalization of CLDN3, CLDN4, E-cadherin, and MCPT-1 was visualized; and images were taken using the Olympus BX60 fluorescence microscope (Zoeterwoude, The Netherlands) equipped with a Leica DFC450C camera.
Statistics. All data are analyzed using the GraphPad Prism version 6.07 software (San Diego, CA). Data from the mouse studies are presented as means ± standard error of the mean (s.e.m.). Data from in vitro experiments are presented as means±s.e.m. of three independent experiments, each performed in triplicate. One-way ANOVA was performed followed by Bonferroni with selected comparisons as a post hoc test. Before testing, logarithmic transformation was performed on antibody and cytokine data from in vivo studies to achieve normal distribution. Differences were considered as significant when P-values were o0.05.
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